G lobally, >1 billion people living in coastal areas rely on groundwater as their principal water source. 1 Nearly 204 million of them reside in areas that are affected by seawater intrusion, 2 a process that increases groundwater salinity because of movement of the fresh-saline groundwater interface towards the inland along the shores. 3 Seawater intrusion will affect more coastal regions in the future because of increased volume of groundwater extraction to meet the population demand and global climate change such as change in precipitation patterns affecting groundwater recharge, decreased upstream river flow, frequent cyclones and sea-level rise. 4 Seawater intrusion causes mineralization of the groundwater. 5 Communities in seawater intrusion affected areas drink brackish groundwater, rainwater, surface water (eg, pond water), or desalinated water. 6 The salinity of these water sources varies as does the mineral concentrations; however, limited data exist on drinking water salinity, mineral intake, and cardiovascular health of the population. Drinking saline water has been associated with high sodium (Na + ) intake, 7 high blood pressure (BP), 8 and high incidence of preeclampsia in seawater intrusion affected southwest coastal Bangladesh. 9 Water salinity often refers to sodium chloride concentration, but in hydrogeology water salinity is measured as electrical conductivity (EC)-the ability of water to conduct electrical current or electrons where all dissolved ions are the conductors. 10 The major cations contributing to water EC are Na + , calcium (Ca 11 -these are also the main macro-minerals influencing human cardiovascular health. Most published studies from Bangladesh considered Na + intake and urinary Na + as a result of exposure to water salinity (Table 1) . In contrast, low-salinity drinking water can reduce the intake of harmful Na + , but can also reduce intake of salubrious K + , Mg 2+ , and Ca
2+
. Data are limited on how all minerals together in saline water contribute to BP. We analyzed data from 2 studies to determine the association between drinking water salinity with BP, urinary Na 
Methods Study Population
The data that support the findings of this study are available from the corresponding author upon reasonable request. We pooled data from 2 studies led by the International Centre for Diarrhoeal Disease Research, Bangladesh across 3 seawater intrusion affected districts in southwest coastal Bangladesh ( Figure 1 ). We pooled 6487 BP measurements and mineral concentrations of 6391 urine samples ( Figure 2 ). The studies were implemented as part of a health impact evaluation of a drinking water salinity lowering intervention called managed aquifer recharge, a technology of artificially recharging brackish aquifers with rainwater and pond water to lower salinity. 17 The first was an observational study that followed 383 participants from 166 households from 4 communities and visited each twice when participants drinking water salinity was low: once during the pre-monsoon (May 10, 2016-June 20, 2016) and subsequently during the monsoon (July 20, 2016-August 20, 2016). The second study was a stepped-wedge randomized trial (n=1191 from 542 households, followed for 5 visits) to assess the health impacts of water access across 16 communities during the dry season from December 2016 to April 2017 when participants drinking water salinity was high. 17 The interval of both visits in the first study was 2 months and the interval between each successive visit of the second study was 1 month (Figure 2 ).
Electrical Conductivity Measurement
During each visit, we recorded household-reported primary drinking water sources used in the previous 24 hours and asked whether they had stored drinking water in their households. We collected available household stored drinking water samples and measured the temperature-adjusted EC at 25°C during the visit using a Hanna Salinity meter (model: H198192, accuracy: AE1%). We calibrated the Salinity meters every 10 days.
Blood Pressure Risk Factors
We collected data on demographics (age, sex, body mass index [BMI]), household assets, participant-reported smoking status (never, current, and former smoker), and work-related physical activity (vigorous, moderate, and sedentary). We also collected data on use of table salt during cooking (yes or no), consumption of additional table salt with food (yes or no), alcohol consumption (yes or no), hours of sleep (<6, ≥6 to <9, and ≥9 hours), and selfreported disease status (hypertension, diabetes mellitus, and chronic kidney diseases) using a structured questionnaire. We used the World Health Organization (WHO) Global Physical Activity Questionnaire for determining participants physical activity status. 18 Participants' weight was measured in all visits using a Seca weight machine (model: 874-1321009; accuracy: 0.05-0.1 kg, Hamburg, Germany) and height in 1 visit using a Shorr board (accuracy: 1/8" or 0.1 cm; Olney, Maryland).
Outcomes

Blood pressure
During the same visit, participants' systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured at
Clinical Perspective
What Is New?
• Higher drinking water salinity or mineral contents are associated with higher urinary sodium, calcium, and magnesium concentrations.
• Blood pressure lowering effects of calcium and magnesium overweighed the blood pressure increasing effects of sodium, reflecting an overall inverse association between drinking water salinity, and blood pressure.
What Are the Clinical Implications?
• High sodium or low calcium or magnesium content in patients' drinking water can increase their blood pressure and risks for hypertension.
• Adding calcium and magnesium to drinking water may be a useful strategy for reducing the population burden of hypertension when drinking water sources have low levels of these minerals.
each visit day (between 7.30 AM and 2.00 PM) using an Omron HEM-907 (accuracy: within AE4 mm Hg, Kyoto, Japan) digital monitor usually by research staff of the same sex. 19 Blood pressure was measured following WHO guidelines for BP measurement 20 and the recommendations described by
Pickering et al. 21 Caffeine (tea, coffee, carbonated beverages), eating, heavy physical activities, and smoking were prohibited for 30 minutes before measuring BP. The blood pressure measurement procedure was described to participants who rested for at least 5 minutes on a chair in the sitting position with arms supported. An appropriately sized cuff based on mid-upper arm circumference was used (small size cuff if mid-upper arm circumference <22 cm; medium size cuff if mid-upper arm circumference ≥22 to <32 cm; and large size if cuff ≥32 cm). BP was measured 3 times while in the sitting position; first left arm, then right arm, then again left arm-the arithmetic mean was used for analyses.
24-hour urine collection
We measured 24-hour urine volume of the participants in all visits to measure the daily urinary excretions of minerals relevant to cardiovascular health, creatinine, and total protein.
Twenty-four-hour urine volume also provided the information on daily water consumption by the participants. All participants received a 4-L plastic container for 24-hour urine collection and a mug to transfer the voided urine to the 4-L plastic container. We instructed the participants to discard the first morning urine and start collecting from the second void, 22 and to transfer all other voids of the day, and the next first morning. 23 Volume of 24-hour urine samples was measured at the household, and 15-mL samples from the 4-L plastic container were taken after stirring. We transported urine samples to a field laboratory at 2 to 8°C for processing, aliquoting, and analysis on the same day. were measured by photometric titration methods using a semi-auto biochemistry analyzer (Evolution 3000, BSI, Italy, coefficient of variation: <1%). Laboratory staff followed the manufacturer's guidelines for conditioning and calibration. We measured urine creatinine by a colorimetric method (Jaffe reaction). Urine total protein was measured using a colorimetric method by a semi-auto biochemistry analyzer (Evolution 3000, BSI, Italy, coefficient of variation: <1%).
Statistical Analyses
Descriptive statistics
We calculated mean and SD of approximately normally distributed variables, median and interquartile range of skewed variables, and proportions for categorical variables. We used the 2-sample test of proportions or the Wilcoxon rank-sum test, as applicable, to compare the proportions or medians with respect to reference group. We derived the household wealth score by principal component analysis using data for ownership of a refrigerator, television, mobile phones, motorcycle, bicycle, sewing machine, chair, table, wristwatch, wardrobe, wooden cot, motor pump, rice husking machine, motorized rickshaw, car, and access to electricity. We then categorized the wealth score into household wealth quintiles. We calculated pairwise Spearman correlations between drinking water EC and SBP.
Water salinity and blood pressure associations
The associations of concurrent water EC categories with mean SBP and DBP were modeled using multilevel linear models. EC categories were defined by the Food and Agricultural Organization of the United Nations: fresh water (EC <0.7 mS/cm), mild salinity (EC ≥0.7 and <2 mS/cm), and moderate salinity (EC ≥2 and <10 mS/cm). 25 All regression models included 3-level random intercepts to account for multilevel clustering of longitudinal visits within participants, participants within households, and households within communities. We estimated models using the maximum likelihood and reported cluster robust standard errors. We reported findings of unadjusted models (model 1); models adjusted for age, sex, BMI (model 2); and models that additionally adjusted for smoking, physical activities, alcohol consumption, consumption of additional table salt with food, sleep hours categories, religion, and household wealth (model 3). Age and BMI were used as continuous variables in the models, but other covariates were used as categorical variables ( Table 2 ). Addition of table salt during cooking was not used in the model since 100% households reported to add salt during cooking; however, we adjusted models for the consumption of additional table salt with food. We initially included all person-visits in models, and then conducted separate restricted analyses among participants who were non-hypertensive and non-diabetic based on their self-reported information. In sensitivity analyses, we included participants who reported no history of chronic kidney disease and person-visits when urinary total protein was <300 mg/day.
To evaluate how water salinity may influence the risk of hypertension categories among the study population, we used multilevel multinomial logistic models with 3-level random intercepts described above. We used the 2017 American Heart Association guidelines for hypertension categoriesnormal BP (SBP <120 mm Hg and DBP <80 mm Hg); elevated BP (SBP 120-129 and DBP <80); stage 1 (SBP 130-139 or DBP 80-89), and stage 2 (SBP ≥140 or DBP ≥90) hypertension. 26 We also conducted propensity score-matched analyses of person-visits from the high and low water EC distribution. We calculated that we needed a sample size of 1344 in each group to detect a difference of 2 mm Hg SBP between person-visits from low and high water EC distribution groups (standard deviation of SBP=18.5, power 80%, type 1 error 5%, 2-sided). We initially selected 1344 person-visits for those with stored water from the lowest EC distribution, and twice as many (134492=2688) person-visits for those with stored water from the highest EC distribution. Then we matched the 1344 lowest EC person-visits on listed covariates using nearest-neighbor matching by Mahalanobis distance to select matched 1344 person-visits (out of 2644 person-visits) from the highest EC distribution. Finally, 1344 person-visits from the lowest EC distribution and matched 1344 person-visits from the highest EC distribution were used in propensity score-matched analyses. In the propensity-score matched subpopulation, we used similar multilevel linear models described above, but modeled salinity as a binary variable (high versus low EC).
To illustrate whether the shape of the associations between water salinity and BP is non-linear or not, we used restricted cubic splines plots of water EC adjusted for covariates.
Exploring the mechanisms of water salinity and blood pressure associations To explore the mechanisms by which water EC influences BP, we initially examined whether water EC was associated with daily urinary excretions of macro-minerals such as Na + , K + , Ca 2+ , and Mg 2+ using similar multilevel linear models and 3-level random intercepts. We then assessed how SBP or DBP changes because of 1 SD unit increase in 24-hour urinary Na
(1 SD=3 mmol/day), and Mg 2+ (1 SD=3 mmol/day) excretions using separate multilevel linear models. We used 3 approaches of modeling for detecting the associations between each of the urine minerals and BP-(1) all personvisits; (2) all person-visits but adjusted for urinary creatinine; and (3) restricted analyses among person-visits with complete 24-hour urine collection based on creatinine index ≥0.7.
27
Creatinine index was defined as the ratio of measured versus predicted daily urinary creatinine. 27 Predicted daily urinary creatinine was calculated using the Kawasaki formula. . We assumed data are missing not at random and applied multiple imputation (n=40 imputations) using chained equations conditional on the listed variables in the fully adjusted models. In sensitivity analyses, we also reported the associations of concurrent water EC categories with mean SBP and DBP using multilevel linear models in complete cases without imputing missing data. All results were considered statistically significant at the 5% level. We performed statistical analyses in Stata, version 15.0 and R, version 3.3.1.
Ethics
Informed written consent was obtained from all participants and household heads, and study protocols were approved by the Ethical Review Committee of International Centre for Diarrhoeal Disease Research, Bangladesh (PR-15096).
Results
Study Participants and Characteristics
The median age and BMI of participants at enrollment were 40 (interquartile range: 31-54) years and 22 (interquartile range: 19-24) kg/m 2 ( Table 2) . Most participants had normal weight (63%) as per WHO classification of BMI, were women (59%) and never smoked (52%). 
Water Salinity and Blood Pressure
In all 6487 participant-visits, 27% drank fresh water, 49% mild salinity, and 24% moderate-salinity water. None of the water samples had high salinity (EC >10 mS/cm) based on the Food and Agricultural Organization classification. Spearman correlation coefficients suggests that participants whose drinking water EC was higher had lower SBP and DBP ( Figure 3 ). Compared with fresh water drinkers, mild-salinity water drinkers had À1.55 (95% CI: À3.22-0.12) mm Hg SBP difference and À1.26 (95% CI: À2.21-À0.32) mm Hg DBP difference in the fully adjusted models (Table 3) . Compared with fresh water drinkers, moderate-saline water drinkers had À1.58 (95% CI: À3.13-À0.03) mm Hg SBP difference and À1.28 (95% CI: À2.10-À0.45) mm Hg DBP difference in the fully adjusted models (Table 3) .
In restricted analyses among non-hypertensive and nondiabetic participants, we found that compared with fresh water drinkers, mild-salinity water drinkers had À1.34 (95% CI: À2.75-0.06) mm Hg mean SBP difference and À1.04 (95% CI: À1.97-À0.11) mm Hg DBP difference. In restricted analyses, compared with fresh water drinkers, moderatesalinity water drinkers had À1.56 (95% CI: À3.03-À0.08) mm Hg mean SBP difference and À1.22 (95% CI: À2.08-À 0.36) mm Hg DBP difference in the fully adjusted models (Table 3) .
Compared with the fresh water drinkers, the fully adjusted odds ratio for the mild-salinity water drinkers was 0.60 (95% CI: 0.43-0.84) for stage 1 hypertension and 0.56 (95% CI: 0.46-0.89) for stage 2 hypertension. Compared with the fresh water drinkers, the fully adjusted odds ratio for the moderatesalinity water drinkers for stage 1 hypertension was 0.77 (95% CI: 0.51-1.17) and for stage 2 hypertension was 0.61 (95% CI: 0.35-1.09) ( Table 4) .
In propensity score matching analyses, the matched high EC group had À1.64 (95% CI: À3.16-À0.12) mm Hg mean SBP difference and À1.54 (95% CI: À2.52-À0.58) mm Hg mean DBP difference in the fully adjusted models compared with the low EC group (Table 5 ). The water EC and BP restricted cubic spline plots suggest a non-linear (Wald type test for non-linearity, P<0.001 for SBP and <0.001 for DBP) and predominant negative association between drinking water EC and BP (Figure 4 ).
Water Salinity and Urinary Cations
Both mild-and moderate-salinity water drinkers had higher urinary Na + , Ca 2+ , and Mg 2+ excretion than the fresh water drinkers ( (Table 7) . We noticed participants 24-hour volume changed across different visits or seasons. Median 24-hour urine volume was highest (2224 mL) during December (visit 1 of the stepped-wedge trial), and the lowest (1764) during April (visit 5 of the stepped-wedge trial). Median 24-hour urine volume was 2222 mL, 2176 mL, and 1994 during January (visit 2), February (visit 3), and March (visit 4) in stepped-wedge trail.
Urinary Cations and Blood Pressure
Higher urinary Na + was associated with an increase in SBP, whereas higher urinary Ca 2+ or urinary Mg 2+ was associated with decreased SBP and DBP ( Figure 5) . A 74 mmol/day (1 SD) increase in urinary Na + was associated with + 0.48 (95% CI: +0.14-+0.81) mm Hg higher mean SBP, and +0.00 (95% CI: À0. 20 Figure 5 ). We found similar results in models additionally adjusted for urinary creatinine, or restricted among the complete 24-hour urine collections ( Figure 5 ).
Sensitivity Analyses
Whenever we restricted the analyses to participants who did not report a history of chronic kidney disease and for person-visits when urinary total protein was <300 mg/day, we found that mild-salinity water drinkers had À1.32 (95% CI: À2.82-0.17) mm Hg SBP difference and À1.40 (95% CI: À2.25-À0.55) mm Hg DBP difference in the fully adjusted models compared with the fresh water drinkers (Table 8) . Moderate saline water drinkers had À1.40 (95% CI: À3.14-0.34) mm Hg SBP difference and À1.29 (95% CI: À2.24-À0.33) mm Hg DBP difference in the fully adjusted models compared with the fresh water drinkers (Table 8) . Model 1 is unadjusted (we did not report model 1 as it did not converge for the multilevel multinomial outcome); model 2: adjusted for age, sex, and body mass index; model 3: additionally, adjusted for physical activities and smoking status, household wealth, alcohol consumption, sleep hours, religion, and consumption of additional table salt with food. DBP indicates diastolic blood pressure; EC, electrical conductivity; SBP, systolic blood pressure.
In complete case analyses without missing data imputation, mild-salinity water drinkers had À1.54 (95% CI: À3.32-0.23) mm Hg SBP difference and À1.30 (95% CI: À2.31-À0.30) mm Hg DBP difference in the fully adjusted models compared with the fresh water drinkers (Table 9 ). Moderate-saline water drinkers had À1.36 (95% CI: À3.06-0.32) mm Hg SBP difference and À1.19 (95% CI: À2.07-À0.32) mm Hg DBP difference in the fully adjusted models compared with the freshwater drinkers (Table 9 ).
Discussion
Our analyses suggest that in seawater intrusion affected southwest coastal Bangladesh, drinking mild-salinity water was associated with lower BP. We also found drinking mildsalinity water was associated with lower risks of stage 1 and stage 2 hypertension among the study population.
We suspect that the effects of drinking mild-and moderate-salinity water on BP may be attributable to high Ca 2+ and Mg 2+ present in saline water. Similar to other study findings conducted in southwest coastal Bangladesh, 9, 12, 13, 29 we found that drinking mild-and moderate-salinity water was associated with higher urinary Na + , and higher urinary Na + was associated with higher SBP. We additionally found that drinking mild-and moderate-salinity water EC was associated with higher urinary Ca 2+ and Mg 2+ , and both urinary minerals were associated with lower SBP and DBP. These findings may be generalizable to other seawater intrusion-affected coastal regions. The predominant cations in seawater are Na + , Ca 2+ , and Mg 2+ . 34 These minerals have been reported in high concentrations in groundwater of seawater intrusion affected coastal regions across the world including deltas, 35 arid or semi-arid regions, 5 peninsula, 36 and conductance that diminishes vascular tone. 43 Ca 2+ and Mg
2+
concentrations below physiological levels destabilizes the cell membrane, causing greater Na + entry across the cell membrane and attenuates smooth muscle contraction. 44 Increased dietary intake of Ca 2+ and Mg 2+ also facilitates urinary excretion of Na + by a variety of mechanisms including increased release of atrial natriuretic peptide, reduced sympathetic outflow and interference with Na + re-absorption by kidneys. 45, 46 Our analyses have several key limitations. First, we were unable to measure the concentrations of individual minerals in water because of high costs. This precludes the understanding of exact mineral exposure through high EC water. We also lack bioavailability data for minerals from drinking water, however, studies support high bioavailability of Ca and Mg from drinking water. 47 We also did not collect mineral intake data of the participants through diet, which precludes our understanding of what percentage of urinary mineral concentrations were coming from food or drinking water. Although 24-hour urine collection is the ideal method for urinary mineral measurements, 27 it may be biased by over-or undercollection of urine samples. 27 We attempted to minimize bias by analyzing data from participants with complete 24-hour urine collection based on the urinary creatinine index. 23 Several studies have reported Na + induces calciuria or Ca 2+ excretion through urine. 48 Therefore, high urinary Ca 2+ among study participants could be partially because of the influence of Na + on kidneys in addition to Ca 2+ intake through high EC water. Whenever we restricted the analyses excluding the self-reported chronic kidney participants and those with >300 mg/day urinary total protein, the findings were slightly attenuated. We only had a few self-reported chronic kidney participants, but we were unable to measure renal function of the participants using serum creatinine or estimated glomerular filtration rate as we did not collect blood samples of the participants. We had few high-salinity water drinkers thereby limiting insight on the shape of the EC and BP dose response curve, however, this may reflect community behavior as many people report that high EC water has a disagreeable taste. Moderate-salinity water drinkers had higher urinary Na + than the mild-salinity water drinkers but no differences were observed for urinary Mg 2+ . High-salinity water drinkers may have hypertension due to increased Na intake, but we could not assess this. BP has a diurnal variation and participants whose BP was measured in the morning may had higher BP than participants whose BP was measured around noon or afternoon. 49 We did not collect the exact time of BP measurement and thereby were unable to control for it, which likely introduced measurement error for BP. The nuanced effects of drinking water salinity on blood pressure in Bangladesh are consistent with other observations. Blood Mg concentration was lower and mortality after hospitalization was higher in areas served by desalinated water in Israel compared with areas served by nondesalinated water. 50 Populations exposed to desalinated water had higher risks for ischemic heart disease. 51 Those that have low-salinity drinking water (eg, rainwater, desalinated water, reverse osmosis water) should explore adding calcium and magnesium to their water sources to reduce the risks of blood pressure and cardiovascular diseases. 52 Similarly, adding calcium and magnesium to drinking water may be a useful strategy for reducing the population burden of hypertension when drinking water sources have low levels of these minerals. Ensuring optimum concentrations of Ca 2+ and Mg 2+ in drinking water may be an important public health and nutritional intervention to ensure fulfillment of daily requirements of these essential macro-minerals since evidence suggests that globally concentrations of these minerals are decreasing in the diet. 53, 54 
